ABSTRACT
INTRODUCTION
Ships remain a research subject for researchers as they lack fundamentals about stability despite meeting the requirements of current laws. Roll motion is one of the most significant ship motions due to stability. Many publications concerning the ship roll motion were presented in literature [2, 5] .
Solimon and Thompson [17] used Runga-Kutta method for analyze the nonlinear differential equation of roll motion. Haddara and Wang [7] examined the controllability and maneuvering performance of conventional surface ships using neural networks technique to predict the hydrodynamic parameters of the ship. Taylan [21] studied impact of nonlinear terms in ship rolling motion. Surendran and Reddy [18] revealed solution of differential equation of roll motion considering the nonlinearities in both the restoring moment and the damping moment using Matlab for a Ro-Ro ship. Karakaş et al. [12] analyzed nonlinear roll motion via a controller based on Lyapunov Direct Method in beam seas.
Safety of voyage has to be assured against the disrupting hydrodynamic effects of passengers as well as cargos, and amplitude has to be at an acceptable level. Therefore, a number of applications such as fin roll stabilizers and U-tube have been used in literature [3, 16, 9] .
There are many control methods which could be used to reduce roll motion. Surendran et al. [19] used active fins to minimize roll motion of a ship by means of the PID controller. Guan and Zhang [6] offered nonlinear fin roll control originated from integrator backstepping associated with nonlinear damping term. They simplified the standard nonlinear backstepping algorithm in use of the Close-loop Gain Shaping Algorithm (CGSA). It was expressed that roll amplitude was reduced of around 90% comparing with uncontrolled result in the same simulation conditions. Ghassemi et al. [4] referred to neural network-PID controller for roll fin stabilizer.
In this study, roll amplitude of a ship under the wave effect has been ensured to be at stable zone using the hydraulic fin roll stabilizer system based on the 3rd level nonlinear damping effect and modeling 5th level restoring moment coefficient. These coefficients of the rolling motion equation of the fishing vessel in waves were obtained using theoretical methods. Stability analysis was conducted using Lyapunov method. It is provided with a Matlab code to solve a second order differential equation with constant coefficients using Matlab in-built solver ODE45. In addition, Classical PID and Modified PID controller results demonstrate the effectiveness of the Modified PID controller.
SHIP ROLL MOTION MATHEMATICAL MODEL
Because of different environmental conditions, ship motions have not the same amplitude and acceleration so reducing degrees of freedom makes it easy to find a solution. Components that make up the physical model and mathematical model of single degree of freedom ship roll motion are generated from Modified pid control design for roll fin actuator of nonlinear modelling of the fishing boat Taylan's [20] and Surendran's [19] previous studies and they are expressed on the basis of the following assumptions:
• ship is symmetric in the direction of port side and starboard side, • all the other degrees of freedom of ship have been neglected, • ship has been regarded as rigid body.
Considering some simplifications, the following nonlinear expression for the roll equation is obtained: (1) Where I is the mass moment of inertia for roll and J is added mass moment of inertia for roll. B 1 , B 2 , B 3 , symbolize roll damping coefficients, c 1 , c 3 , c 5 and c 7 are expressed as restoring force coefficients. Ø, , represent angle, angular velocity and angular acceleration of roll motion respectively. Δ means the weight displacement of the ship, ω e means wave encountering frequency, α m means the maximum wave slope, M f means the control moment of active fins.
Inertia value has an important effect with regards to nonlinear roll motion. This value has been expressed as below based on weight displacement of ship, breadth and the vertical distance of the center of gravity [19] . (2) The roll damping coefficients are considered as skin friction of the hull, eddy shedding from the hull, free surface waves, lift effect damping and bilge keel damping. Theoretical and semiempirical methods have been used to utilize the roll damping by Ikeda and Himeno [11] , Ikeda [10] . A non-dimensional damping coefficient for different ship types is expressed as follows.
These coefficients, given a and b in Tab. 1 [6] , are directly related to a linear damping coefficients B 1 and a non-linear damping coefficient, B 2 represents quadratic drag and B 3 is cubic [2] . The curve for righting arm has been represented by the polynomial.
Tab. 1. The non-dimensional damping coefficients for three different types of the ship
where: c 1 > 0, c 3 < 0, c 5 > 0 and c 7 < 0 for a damaged vessel but c 7 = 0 for an intact vessel. The roll restoring moment coefficients are defined by Taylan [21] . (6) (7) (8) Ø v means vanishing angle of stability, A Øv means area under the GZ curve up to angle of vanishing stability, GM represents the distance between the position of metacenter and the vertical center of gravity of the vessel. Depending on the abovereferred coefficients, numerical calculations were performed for a fishing boat, whose body plan is given Fig. 1 .
The righting arm curve of fishing boat is represented as graphical on Fig. 2 . From this figure, it can be seen that lift develops in an approximately linear manner with an increasing angle of attack. The area under the curve is an indication a safety voyage against capsizing moments.
Because of the effects of high wave frequency, ship sailing on the sea generates undesired roll motion. The wave moment (M w ) and the encounter frequency of the wave (ω e ) can be calculated as follow; (9) ω w represents the wave frequency, α m represents the maximum wave slope, μ w represents the wave encounter angle of the ship. It can be seen that wave excitation will depend many different factors. (11) If symmetric coefficients accept equal to zero, derivative of the Lyapunov function is negative; the conditions for asymptotic stability are found to be: (12) Lyapunov function is obtained depending on the non-linear roll damping coefficient. If this value is smaller than zero, nonlinear roll motion can be said to be stable. Lyapunov function graphic for the system is given in the Fig. 3 .
STABILITY ANALYSIS VIA LYAPUNOV'S DIRECT METHOD
Stability analysis is a crucial subject for fishing boat. External forces like current weather and fishing conditions effect position of ship adversely. Fishing boat must have positive stability for safety voyage and fishing. Lyapunov's Direct Method was used for stability analyses by Ozkan [15] . This is a very robust and feasible method because it does not require any knowledge about the specific solutions of the equations. By using state variables of equation (1), the state space model of the ship can be written as: 
FIN ROLL CONTROL DESIGN
In this present work the fin-stabilizer consisted of two identical non-rectangular hydrofoils of a low aspect ratio, symmetrically placed on both sides of vessel. The motion of a ship can be affected by fins actuators that impart forces and moments. Actuators play a very important role within the control system structure. When the roll fin stabilizers attack to the fluid, it can be seen that the surface of fins lifting force caused by the rotation and angle of attack. The lift force and the lift in non-dimensional form is as in the following form [16] : (15) (16)
Fig. 2. Righting arm curve of fishing boat
Where L lifting force (N); ρ density of fluid (t/m 3 ); A F fins area (m 2 ); C L fins lift coefficient (lift coefficient/rad); V the ship speed (m/s).General formulas of fin roll stabilizer are expressed as the following equations. (17) Where M F , fin roll stabilizer moment; l F the fins force arm; α angle attack.The result of hydrodynamic lift coefficient in function of attack angle of fin and roll angle of ship are presented in Fig. 4 .
Fig. 4. Lift coefficient
Simulation was performed via 8 Parallel Processor and 24 GB of RAM hardware configuration. Fin was modeled in CFD package Star CCM +. Preprocessing, running and finishing parts were integrated in the program. At the time of Preprocessing, Trimmer, Surface Remesher and Prism Layer Masher solution mesh properties were actualized concurrently. Mesh created consisted of 970000 cells and 2900000 faces. A sample case of free surface shape around fin is presented Fig. 5 .
We conceived only a magnitude constraint for the mechanical angle of the fins of 20°. Segregated flow, reynolds averaged Navier Stokes and k-ε turbulence model were used as solver to process of running. Convergence conditions are nearly 1E-5 (10 -5 ) . Running is performed in parallel with 8 cores. In conclusion, the velocity and pressure gradients are obtained; the lift force coefficient was expressed by means of the model.
Modified pid controller
The classiccal PID controllers are the simplest form of controllers, and have being widely used satisfactorily in the field of process control systems. As seen in Fig. 6 , it has basic and comprehensible structure. The classiccal PID controller of a plant is shown in Fig. 6 [14] . (18) is expressed in (19) (19) K i and K d are integral and derivative gains, respectively. The easy implementation and clear control principle of this controller makes it popular in many applications [22, 23, 24, 8] .
But they have some disadvantages that they may not provide optimum result, and can not keep desired result in some situations. So as to deal with this issue and have optimal control classiccal PID controller can be modified. While integral part stays remained, proportional and derivative action move to the feedback path so that any change of reference input signal may not being involved in the manipulated signal. The model of closed loop system with Modified PID is shown in Fig. 7 . The modified PID controller signal is demonstrated as follow: (20) Prettier form of controller can be given as follow: (21) Transfer function of closed loop system with modified PID controller is given below: (22) After one more step transfer function can be obtained: (23) As seen in above equation the system with Modified PID controller has no zeros. Its advantages are to prevent earlier peak and higher overshoot. The proposed Modified PID controller can prevent this negative effect as well as can ameliorate system response in comparison with classiccal PID.
SIMULATION
Among 13 different fishing boats with different block coefficient examined in both loaded and unloaded conditions, the model in the table below was taken as a basic one [1] . These fishing boats have same length, breadth, depth and draught but cross-sectional forms are different. In this case, a stability characteristic varies with block coefficient from geometric characteristics. Our model and fishing boat and the fin (NACA 0015) particulars are showed in Tab. 2. he simulation results for fin roll stabilizer system show roll angle and roll velocity in Fig. 8 and Fig. 9 , respectively. Comparisons of the control performance are made between Classical PID and the MPID controllers.
The classical PID controller has given good result in considering of roll angle oscillation values. Nevertheless it still appears a steady error on time. On the other hand MPID halves the oscillation and error. Also in 10 seconds it prevents higher peak, which means avoid from higher roll angle.
The modified PID control response of the fin roll stabilizer is better than PID control as shown in Fig. 9 . Although classical PID model has given almost same response such as the uncontrolled model, MPID model has ameliorated the fin roll velocity in range of -0.9 and 0.9.
Non In order to make fair comparison the step responses of two controllers with same gains are plotted in Fig. 10 . Although PID has no early peak and nearly overshoots, MPID keeps stabilizing faster than Classical PID. Its early peak does not affect plant in a bad way. They give the almost same solution in settling time. Gains are calculated from the three terms of the process.
The comparison of the two controllers is presented in Tab. 3, which shows roll angle and roll velocity. The settling time for uncontrolled is longer compared to the time for settlement of MPID.
Tab. 3. Performance Comparisons

Controller
Max Roll reduction ratio (R r ) is used as the criteria for the roll reduction performance [13] .
R r = M fn -M fs (24) Where R r is rolling magnification, in case of actuation of the fins and rolling magnification M fn in case of non-actuation of the fins can be use.
RESULTS
This paper presents mathematical modeling and control of nonlinear roll motion with fin stabilizer system. The nonlinear terms which takes restoring and damping moment coefficients are calculated by empirical equations. The stability of nonlinear rolling motion of fishing boat is analyzed by Lyapunov direct method. During the simulation, it was assumed that the control gains are accepted same values for PID and MPID algorithms. From the simulation results, it can be observed that MPID controller shows significant improvement in roll magnitude around 86.6%. MPID controller performance had 13.3% greater than PID as shown in Tab. 3.
